Abstract. Virtual reality-based neuropsychological assessments proffer the potential to address the limited ecological validity of pen-and-paper measures of memory. To investigate the construct validity of a newly developed virtual reality measure of memory, the Virtual Environment Grocery Store (VEGS), traditional neuropsychological measures of memory and executive functioning were administered to 48 older adults and 55 young adults. Performances on the VEGS memory tasks and the traditional neuropsychological assessments of memory were positively correlated, indicating that memory for VEGS content was similar to memory for traditional paper-and-pencil measures. The older adults performed significantly worse than young adults on the VEGS and the California Verbal Learning Test, but the DKEFS Color-Word Interference failed to differentiate the groups. Furthermore, significant differences were found between groups for the VEGS memory and multitasking measures. The VEGS has the advantage over traditional measures of providing objective measurement of individual components of memory in simulations of everyday activities.
INTRODUCTION
Declarative and prospective memory abilities are important neurocognitive processes that undergo a protracted course throughout the lifespan and exhibit decline even in healthy aging. The neural underpinnings of episodic memory involve extensive cortical networks (prefrontal cortex, lateral temporal neocortex, medial temporal lobe, and posterior parietal regions; see [1] ). The prefrontal cortex (especially rostral) and medial temporal lobe memory system (including the hippocampus) subvene episodic and prospective memory [2] . Hippocampal volume reductions and associated reductions in memory performance have been found in healthy aging [3] .
While semantic memory is specific to storage of data not tied to specific times, places, or events, episodic memory involves storage of distinctive experiences or events associated with explicit places and times. Moreover, episodic memory is susceptible to declines in performance with normal aging. Another area of memory decline that may have significant consequences for older adults is their ability to plan and remember to perform previously planned activities at a specific point in time [4] . Examples of such prospective memory activities include remembering to listen for one's prescription while shopping or remembering to go to a coupon machine to check for potential savings. Hence, prospective memory can be understood as a central component for performing activities of daily living [5] .
Although neuropsychologists are increasingly being asked to assess an individual's everyday memory abilities, research suggests that people expected to perform poorly on neuropsychological tests may perform within normal limits [6] . These findings may reflect the limited generalizability of traditional paper-and-pencil neuropsychological assessments findings to task demands found in everyday activities [7, 8] . Burgess and colleagues (2006) have pointed out the need for neuropsychological assessments that incorporate more complex and lifelike scenarios that can tax multiple cognitive processes simultaneously [9] . For example, the Multiple Errands Test [6, 9] and the Instrumental Activity of Daily Living Profile [10] require participants to perform errands in a real shopping center. A limitation of these studies is that they can be expensive, time consuming, and difficult to replicate across testing sessions [11, 12] .
Virtual reality (VR) is a relatively new technology that aims to develop and implement ecologically valid and interactive three-dimensional simulations of real world scenarios [13, 14] . VR-based neuropsychological assessments offer the potential to address the ecological validity limitations found in traditional neuropsychological measures [15] . These virtual environments are increasingly being used for assessment of memory in experimentally controlled simulations of everyday activities [16, 17] . Moreover, virtual environments can offer a balance of experimental control and simulation of everyday memory [18, 19] .
Various virtual environment-based neuropsychological assessments have been used to assess everyday prospective and episodic memory [19, 20] , including virtual kitchens [21, 22] , virtual cities [23, 24] , virtual shopping tasks [25, 26] , and virtual offices [27] . It is important to note that research on VR-based neuropsychological assessments has been largely exploratory and often lacks psychometric rigor [28] . While virtual shopping tasks have been found to have some efficacy for assessing memory [25, 26] , they have limited interactivity and simply expose participants to scripted events. There is a need for immersive and interactive virtual environments for assessment of everyday memory.
The Virtual Environment Grocery Store (VEGS) [29] was developed as a virtual multiple errands platform, in which participants perform various shopping tasks. Recently, the VR platform was extended to include assessments of episodic and prospective memory [30] . A number of neurocognitive measures are found in the VEGS that assess multitasking and memory (including prospective memory). Participants are immersed in the environment and instructed to 1) navigate to the back of the store and drop off a prescription to a virtual pharmacist, who gives the participant a number; 2) listen for the number while shopping and when heard return to the pharmacist for prescription pickup (event-based prospective memory); and 3) go to the coupon machine after two minutes (time-based prospective memory). A clock was superimposed onto the scene-next to the shopping cart. As a result, participants always had a way to know how much time had elapsed. Additional tasks include: navigating through VEGS by following specified routes through the aisles; finding and selecting items from the shopping list (List Items learned before entering the virtual environment) needed to prepare simple meals (e.g., peanut butter and jelly sandwich); ignoring items that were not on the shopping list learned before entering the virtual environment (Intrusions); and selecting other items so that no more than a budgeted amount is spent (Budget Score). At the completion of the VEGS, the participant performs delayed free (VEGS LDFR) and cued recall (VEGS LDCR) of the VEGS shopping items.
The present study aimed to compare the performance of older adults and young adults on memory reassures in the virtual shopping environment. Specifically, this study aimed to:
(1) Assess the construct validity of the VEGS memory scores via comparison to traditional memory measures (convergent validity) and executive function tasks (divergent validity). It was expected that the VEGS memory scores would be at least moderately correlated with traditional memory measures. (2) Compare performance on the VEGS episodic memory and other neuropsychological measures to assess their capacity for discriminating older adults from young adults. It was expected that the older adults would perform more poorly than the young adults on the VEGS and traditional neuropsychological measures, but that group differences would be greater on the VEGS task than on the traditional neuropsychological measures. (3) Evaluate group differences on the VEGS prospective memory and multitasking tasks. It was expected that the older adults would perform more poorly than the young adults on the VEGS prospective memory and shopping measures.
MATERIALS AND METHODS
The study was approved by the university's Human Research Ethics committees.
Participants
Two groups (total N = 103) took part in this study. Forty-eight community-dwelling older adults (77% female; mean age = 75.21; SD 8.31) participated in the present study. Participants in the older adult group were healthy community dwelling volunteers without history of dementia or mild cognitive impairment. Estimated full scale IQ scores from the Wechsler Test of Adult Reading (WTAR) were in the average range (Mean = 106.34; SD = 9.25). On a measure of computer experience and usage activities, they reported comfort with computers and rated their competency as somewhat experienced. The young adult group included 55 healthy participants (73% female; mean age = 20.96; SD 2.85). Participants in the younger aged group were recruited from the undergraduate population at a large university in the southwestern United States. Participants in the younger aged group had estimated full scale IQ scores in the average range (Mean = 106.38; SD = 8.43) on the WTAR. On a measure of computer experience and usage activities, they reported comfort with computers and rated their competency as experienced. Participants within and across groups were comparable and no significant differences for age, sex, estimated full scale IQ, or computer comfort were noted.
Inclusion and exclusion criteria
Participant selection followed strict exclusion criteria to curtail potential confounding effects of comorbid factors that may adversely impact cognition (e.g., mental retardation, psychotic disorders, diagnosed learning disabilities, attention deficit/hyperactivity disorder, or bipolar disorder). Furthermore, participants were excluded if they had experienced substance-related disorders within 2 years of evaluation). Moreover, participants were excluded if they have known neurologic conditions (e.g., seizure disorders, closed head injuries with loss of consciousness greater than 15 min, and neoplastic diseases). No participant had a reported history of dementia or mild cognitive impairment.
Procedure and instruments
Experimental sessions took place over a 90-min period. Following informed consent, basic demographic information was gathered and participants responded to questions designed to measure computer experience and usage activities: how frequently participants use a computer (e.g., "How many hours per week do you spend on the computer?"); their perceived level of computer skill on a Likert scale (1-not at all to 5-very skilled); e.g., "How many hours per week do you spend playing video games?"; and what type of games they play (e.g., role-playing, strategy, sports, etc.). Participants completed the paper-and-pencil neuropsychological tests that were administered under standard conditions. Participants were also administered the VEGS. Measures were counterbalanced to control for order effects. Half the participants received the VEGS first and the other half received the paper-and-pencil neuropsychological tests first. No order effects were found.
The VEGS was run on a standard laptop and participants took part in a familiarization phase to make sure that they could navigate and make selections in the virtual environment before its administration. The amount of time needed for familiarization ranged from three and ten min-largely determined by the participant's comfort and prior experience with VR platforms. After the familiarization phase, the examiner read a shopping list to the participant. Following the reading of the 16 items on the shopping list, the examiner requested that the participant repeat the items on the shopping list (immediately) in any order. The interstimulus interval was 2 s. Immediate recall performance was recorded verbatim by a microphone and is logged for each of the immediate recall trials (Trials 1-3). Next the participant was informed that they were going to need to drop off a prescription once the VEGS protocol starts. They were also told that they needed to remember to go to the coupon machine after two minutes of shopping (VEGS Time-Based Prospective Memory). Before being reimmersed into the virtual environment, participants were provided instructions and the examiner answered any questions before starting the task. To make sure that the participants understood the instructions, they were asked to recall the prospective memory instructions; all participants could do so.
Virtual environment grocery store
A number of cognitive tasks are found in the VEGS that are involved in multitasking and memory (episodic and prospective memory). The participant was immersed in the VE and instructed on how to move about and interact with the environment (5 min). At this point the VEGS protocol began and the participant had to drop off a prescription with the virtual pharmacist. The virtual pharmacist gave the participant a number and instructed the participant to listen for the number while shopping. The participant shopped for items on the shopping list (VEGS List Items score = number of items that they had in their cart from the previously learned list of shopping items) and kept track of the cost (Budget = total amount of money spent on items in the cart). While shopping, they had to ignore items not on the shopping list (Intrusions Score = number of items in their cart that were not on the original shopping list). They also had to ignore announcements of other prescription numbers (at each 1-min interval of the protocol) from the virtual pharmacist. At 2 min, they were to go to a coupon machine to check for potential savings (Time-based score = 2 if they needed a prompt; and 1 if they self-reminded). After 10 min, the virtual pharmacist announced the participant's prescription number. At that time, the participant needed to return to the virtual pharmacist and clicked on her to end the simulation (VEGS Event-based Prospective Memory score = amount of time it took for them to return to the pharmacist after their number was called). At the completion of the VEGS, the participant was asked to perform free (VEGS Long Delay Free Recall score = total number of items that they recalled freely) and cued delayed recall (Long Delay Cued Recall = total number of items that they recalled in the cued recall condition). Participants were not warned that delayed recall would be tested later.
Testing environment
Participants sat in a rotating chair and interacted with the virtual environment using a joystick and a haptic glove. While participants navigated the VR shopping environment, their head movements were tracked by a sensor (3-Degrees of Freedom Position Sensor). When they turned their head, participants' view within the environment changed in a corresponding manner, allowing them to fully visualize the store. The haptic glove that participants wore on their dominant hand, allowing the head and hand to each be tracked in real time. The hand-tracking was used to enable participants to interact with objects in the virtual environment by reaching out and touching them. Participants controlled their viewpoint in the virtual environment using a Logitech Attack 3 joystick that was firmly mounted to a short wooden bar that extended forward beneath the armrest of an Aeron chair. We prepared left-and right-handed versions of the chairs, as well as of the gloves and hand models, so that each participant could both drive and select objects with their dominant hand. Participants were able to use the joystick to translate their viewpoint forward and backwards in the virtual environment, but they had to swivel in the chair to turn.
Traditional neuropsychological battery
Convergent validity was measured using the California Verbal Learning Test-Second Edition (CVLT-II) [31] as it is considered to have an important memory component and has been used clinically to estimate memory abilities. Divergent validity was assessed using the Color-Word Interference Test from the Delis-Kaplan Executive Function System (DKEFS Inhibition/Switching) [32] . To make sure that the groups (older adult and younger adult) had comparable estimated full scale intelligence scores, the WTAR [33] was used. The WTAR offers estimation of pre-morbid intellectual and memory abilities understood to be unaltered by neurocognitive decline accompanying aging.
Data analytics
All data were analyzed using SAS version 9.4 (Statistical Analysis System). Descriptive statistics were calculated for participant demographics and for results of the VEGS and the criterion neuropsychological tests. An inspection of the pattern of missing data revealed that 2 (1 older adult and 1 younger adult) cases could be recovered by imputing only 1 missing value, and data from another older aged participant could be used after imputing 2 values. Missing data were imputed by either mean substitution or last case carried forward. For all analyses, the results with and without imputed data were comparable. Three types of analyses were performed. The first involved computing basic correlations between VEGS measures and traditional neuropsychological measures. To make the results for continuous tests comparable, the test scores (separately for each group) were converted to standard scores with a mean of zero and standard deviation of one (z-score transformation). The second series of analyses involved computing basic correlations between VEGS measures and traditional neuropsychological tests assessing domains traditionally understood to be other than memory (e.g., Color-Word Interference). Again, to make the results for continuous tests comparable, the test scores were converted to standard scores with a mean of zero and standard deviation of one (z-score transformation). The third series of analyses assessed differences between groups for VEGS and traditional neuropsychological test performance. Analyses of variance were used to assess group differences. A specific focus of these analyses was to assess discrimination of the VEGS memory and multitasking between groups.
RESULTS
Given the similarity of within-group participants (in terms of performances for both the VEGS and the standard neuropsychological measures) on age, sex, education, and ethnicity no correction for these variables was employed.
To provide preliminary data to support the validity of the VEGS as a measure of memory, recall indices from the VEGS and traditional neuropsychological tests (e.g., CVLT-II) were correlated. Indices were developed from linear composites derived from z-score transformations. Specifically, Pearson correlation analyses were used to compare recall from the VEGS with linear composites derived from traditional neuropsychological measures.
Convergent and discriminant validity tests
While VEGS memory scores were significantly correlated (as expected) with composites derived from established measures of learning and memory, they did not correlate (again, as expected) with traditional neuropsychological domain composites. Construct (convergent and divergent) validity results for the older adult sample can be found in Table 1 . The results from the older aged group indicated that the VEGS correlated significantly with the traditional neuropsychological memory scores: CVLT-II long delay free recall r = 0.56, p < 0.001, with approximately 31% of the variance shared between the two indices; and CVLT-II long delay cued recall r = 0.42, p < 0.001, with approximately 18% of the variance shared between the two indices. There were no significant correlations between VEGS measures and the traditional neuropsychology measures of executive functioning. Hence, the VEGS tests did not correlate with theoretically unrelated abilities.
The results from the young adult group indicated that the VEGS correlated significantly with the traditional neuropsychological memory scores: CVLT-II long delay free recall r = 0.30, p < 0.001, with approximately 9% of the variance shared between the two indices; and CVLT-II long delay cued recall r = 0.36, p < 0.001, with approximately 13% of the variance shared between the two indices. There were no significant correlations between VEGS measures and the traditional neuropsychology measures of executive functioning. Hence, the VEGS tests did not correlate with theoretically unrelated abilities. Construct (convergent and divergent) validity results for the young adult sample can be found in Table 2 .
For correlations between the VEGS and traditional psychometric measures, only those correlations that met the criterion of p < 0.05 were considered meaningful. Given the relatively small sample size, alpha was kept at this level. 
Comparison of older adult and young adult group performance
Significant differences were found between groups for both traditional neuropsychological assessment of memory (CVLT-II) and the VEGS memory measures. Comparison of group performance on neuropsychological measures can be found in Table 3 . The performance of older adults and young adults did not differ significantly on the DKEFS Color Word Interference tests. VR-based multitasking and prospective memory performances differed between the older aged and college aged groups, with the older adult group performing worse on tasks. In addition to taking longer to navigate to the pharmacist and shopping, older aged participants were slow to get to the VEGS coupon machine for the event-related prospective memory task and often needed to be reminded. The older aged cohort also tended to get fewer shopping items during the task.
DISCUSSION
This study provides preliminary validation of the VEGS's memory module. Convergent and discriminant validity were evaluated using paper-and-pencil neuropsychological tests. The VEGS was significantly related to a memory measure, in accordance with prediction. Furthermore, following expectation, VEGS memory scores did not correlate with nonmemory measures drawn from the traditional neuropsychological test battery. Additionally, the differences between age cohorts found in this study were consistent with those in previous studies demonstrating that older adults perform worse than younger adults on measures of verbal memory [34, 35] and prospective memory [36] [37] [38] but not on interference tests [39] [40] [41] [42] . The result that the VEGS performed similarly to traditional neuropsychological tests among age cohorts adds additional support for its construct validity. Furthermore, the disparity in performance between younger and older adults was greater in VEGS measures (compared to traditional neuropsychological test measures). Together, these findings suggest that the VEGS assesses a construct that is similar to those measured by the other memory tests in this study. Accordingly, it can be concluded that the VEGS had appropriate levels of convergent and divergent validity in that the degree to which convergent validity coefficients (assessing memory domain) derived from the VEGS memory score and the traditional neuropsychological measures of memory were larger than correlations of different measures assessing domains other than memory. Another noteworthy finding was the discriminant capabilities of the VEGS for episodic and prospective memory measures.
Findings revealed that the VEGS prospective memory measures did not correlate with traditional paper-and-pencil measures of episodic memory or executive functions. This deviates from theoretical formulations that emphasize prospective memory as related to either episodic memory or as a form of executive function [43] . The lack of correlation between the VEGS prospective memory tasks and traditional measures of episodic memory is consistent with the generally accepted belief that prospective memory is more vulnerable than retrospective memory to age related cognitive decline [44] . Our findings support this perspective in that we found significant difference between younger and older adult performances on VEGS prospective memory tasks. Furthermore, in this study, there were no differences between groups on their ability to recall the prospective memory instructions. Moreover, when asked to recall the prospective memory instructions, all participants could do so. This argues against the prospect of disadvantaged retrograde recall. Alternatively, prospective memory can be thought of as related to attention and executive processing. Again, while there were differences between groups, there was not a significant correlation between VEGS prospective memory tasks and traditional paper-and-pencil measures of executive functioning. Future studies may be conducted to better investigate the specific contributions of attention and executive functioning to performance on prospective memory tasks in the virtual environment. The Rivermead Behavioral Memory Test (RBMT) [45] was developed to assess memory for everyday activities. Future studies of the VEGS would be enhanced via straightforward comparisons to the RBMT.
It is important to note that the VEGS prospective memory tasks may not correlate with traditional paper-and-pencil measures of episodic memory and or executive functioning due to the two general pathways that support prospective memory: 1) a top-down attentional control process that maintains activation of the intention to monitor the environment for target cues for intention execution; and 2) a bottom-up retrieval process that is automatically triggered by a prospective memory target cue [46] [47] . It may be the case that VR-based assessments of prospective memory assess both top-down and bottom-up processing, while paperand-pencil measures emphasize top-down processes in their assessment. Future studies should investigate both automatic and controlled processes using VR simulations of real-world activities.
While the VEGS memory measure correlates significantly with scores from memory measures, findings should be understood in the context of some limitations. These findings are based on a fairly small sample size. As a necessary next step, the reliability and validity of the test needs to be established using a larger sample of participants to ensure that the current findings are not an anomaly due to sample size. Additionally, the diagnostic utility of this VEGS assessment tool must be determined. The ability of the VEGS to accurately classify participants into memory impaired and nonimpaired groups based on carefully established critical values must be evaluated. This will involve the generation of specific cut-off points for classifying a positive (memory impaired likely) or negative (memory impaired unlikely) finding. Prediction of memory impairment with the VEGS must be evaluated by the performance indices of sensitivity, specificity, predictive value of a positive test, and predictive value of a negative test. Even though reliability is considered to be a unique asset of testing in computer-generated VEs, issues of test-retest reliability must be addressed. A related issue is the need for more refined analyses comparing learning slopes from the VEGS shopping list to those found in CVLT list learning and recall.
Qualitative commentary about the participants' experience with and reactions to the VEGS revealed an overall positive experience. Participants tended to report that they preferred the VR tasks over the paper-and-pencil measures and they felt that they better represented the sorts of activities that they took part in when they went shopping. Furthermore, participants in both groups tended to report that instructions for the task were clear and easy to understand. While these qualitative results are encouraging, future studies should develop questionnaires to assess the participants' subjective experience of the environment. In addition to these subjective metrics, it would be beneficial to log their autonomic response.
In sum, a primary goal of this study was to conduct an initial pilot study to validate the VEGS through the use of a standard neuropsychological battery for comparison of young adults to older adult participants. Findings support this validation. We recognize, however, that the current findings are only a first step in the development of this tool. Many more steps are necessary to continue the process of test development and to fully establish the VEGS as a measure that contributes to existing assessment procedures for the diagnosis of memory decline. Although the VEGS as a measure must be fully validated, current findings provide preliminary data regarding the validity of the VE as a memory measure. The VEGS was correlated with widely used memory assessment tools. Nevertheless, the fairly small sample size requires that the reliability and validity of the VEGS be established using a larger sample of well-matched participants. This will ensure that current findings are not a sample size-related anomaly. Finally, the ability of the VEGS to accurately classify participants not involved in the initial validation study must be examined for cross-validation purposes.
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